Macrophages play a key role in atherosclerotic plaque rupture. The iodine-based contrast agent N1177 accumulates in macrophages, allowing for their detection with CT. In this study, we tested whether the intensity of enhancement detected with CT in the aortic wall of rabbits injected with N1177 correlated with inflammatory activity evaluated with 18 F-FDG PET/CT and macrophage density on histology. Methods: Atherosclerotic plaques were induced in the aorta of New Zealand White rabbits (n 5 7) by a repeated balloon injury (4 wk apart) and 4 mo of hyperlipemic diet. Noninjured rabbits, fed a chow diet, were used as controls (n 5 3). A CT scan of the aorta (n 5 10) was acquired in each rabbit before, during, and at 2 h after intravenous injection of N1177 (250 mg of iodine/kg). One week later, the same rabbits underwent PET/CT 3 h after injection of 18 F-FDG (37 MBq/kg [1 mCi/kg]). CT enhancement was calculated as the difference in aortic wall densities between images obtained before and images obtained at 2 h after injection of N1177. Mean standardized uptake values were measured on PET axial slices of the aorta in regions of interest encompassing the vessel wall. Macrophage density was measured by immunohistology (anti-RAM-11 antibody) on corresponding aortic cross-sections. Results: N1177-enhanced CT measured stronger enhancement in the aortic wall of atherosclerotic rabbits than in control rabbits (10.0 6 5.2 vs. 2.0 6 2.1 Hounsfield units, respectively; P , 0.05). After the injection of 18 F-FDG, PET detected higher standardized uptake values in the aortic wall of atherosclerotic rabbits than in control rabbits (0.61 6 0.12 vs. 0.21 6 0.02; P , 0.05). The intensity of enhancement in the aortic wall measured with CT after injection of N1177 correlated with 18 F-FDG uptake on PET/CT (r 5 0.61, P , 0.001) and macrophage density on immunohistology (r 5 0.63, P , 0.001). Conclusion: The intensity of enhancement detected with CT in the aortic wall of rabbits injected with N1177 correlates with intense uptake of 18 F-FDG measured with PET and with macrophage density on histology, suggesting a role for N1177 in noninvasive identification of high-risk atherosclerotic plaques with CT.
Macrophages play a key role in atherosclerotic plaque rupture. The iodine-based contrast agent N1177 accumulates in macrophages, allowing for their detection with CT. In this study, we tested whether the intensity of enhancement detected with CT in the aortic wall of rabbits injected with N1177 correlated with inflammatory activity evaluated with 18 F-FDG PET/CT and macrophage density on histology. Methods: Atherosclerotic plaques were induced in the aorta of New Zealand White rabbits (n 5 7) by a repeated balloon injury (4 wk apart) and 4 mo of hyperlipemic diet. Noninjured rabbits, fed a chow diet, were used as controls (n 5 3). A CT scan of the aorta (n 5 10) was acquired in each rabbit before, during, and at 2 h after intravenous injection of N1177 (250 mg of iodine/kg). One week later, the same rabbits underwent PET/CT 3 h after injection of 18 F-FDG (37 MBq/kg [1 mCi/kg]). CT enhancement was calculated as the difference in aortic wall densities between images obtained before and images obtained at 2 h after injection of N1177. Mean standardized uptake values were measured on PET axial slices of the aorta in regions of interest encompassing the vessel wall. Macrophage density was measured by immunohistology (anti-RAM-11 antibody) on corresponding aortic cross-sections. Results: N1177-enhanced CT measured stronger enhancement in the aortic wall of atherosclerotic rabbits than in control rabbits (10.0 6 5.2 vs. 2.0 6 2.1 Hounsfield units, respectively; P , 0.05). After the injection of 18 F-FDG, PET detected higher standardized uptake values in the aortic wall of atherosclerotic rabbits than in control rabbits (0.61 6 0.12 vs. 0.21 6 0.02; P , 0.05). The intensity of enhancement in the aortic wall measured with CT after injection of N1177 correlated with 18 F-FDG uptake on PET/CT (r 5 0.61, P , 0.001) and macrophage density on immunohistology (r 5 0.63, P , 0.001). Conclusion: The intensity of enhancement detected with CT in the aortic wall of rabbits injected with N1177 correlates with intense uptake of 18 Acut e coronary syndromes in about two thirds of patients are caused by the disruption of the fibrous cap in so-called high-risk or vulnerable atherosclerotic plaques (1) . Sudden exposure of the underlying necrotic core to blood triggers the formation of a thrombus, which can occlude the coronary artery, leading to myocardial necrosis (2) . Highrisk atherosclerotic plaques are characterized by their specific cellular and biologic composition rather than by their impact on the vessel lumen (3). Common characteristics of high-risk plaques (4) are a large necrotic core, an overlying fibrous cap measuring less than 65 mm thick, strong macrophage infiltration, and positive remodeling (i.e., development of the plaque toward the external part of the artery). Macrophages play a key role in acute plaque destabilization and thrombus formation; they secrete proteases that digest the extracellular matrix and weaken the protective fibrous cap covering the atheromatous core and release in atherosclerotic plaques large amounts of tissue factor that accelerates thrombus formation after plaque rupture (5) . Moreover, macrophage density measured by immunohistology was found to be higher in atherosclerotic plaques obtained from patients with recent acute coronary syndromes than in plaques obtained from patients with stable cardiovascular disease (6) . Therefore, detection of high-risk plaques using noninvasive imaging could help to identify patients susceptible to plaque rupture and reduce the rate of acute coronary syndromes by early implementation of therapies aimed at plaque stabilization (7) .
PET with 18 F-FDG is currently one of the most promising imaging modalities for the detection of inflammatory cells in atherosclerotic plaques (8) . 18 F-FDG competes with glucose for uptake into metabolically active cells, including macrophages in atherosclerotic plaques, and becomes trapped inside cells after phosphorylation. Accumulation of 18 F-FDG in carotid atherosclerotic plaques strongly correlates with the intensity of macrophage infiltration on histology (9) . Similar relationships between 18 F-FDG signal and histology have also been found in the rabbit model of atherosclerosis (10) (11) (12) . In addition, symptomatic patients (i.e., those patients with a recent ischemic cerebral event), compared with asymptomatic patients, showed a significantly higher 18 F-FDG uptake in carotid plaques (13) . However, evaluation of coronary atherosclerotic plaques with 18 F-FDG is hampered by the low spatial resolution of PET, cardiac and respiratory motion, and intense 18 F-FDG uptake by normal myocardium in about half of the patients (14) .
In contrast, multidetector CT (MDCT) offers high spatial and temporal resolution, allowing the detection of atherosclerotic plaques in coronary arteries. Some major characteristics of high-risk plaques, such as large volume (15), positive remodeling (16) , and absence of or moderate calcifications, can be identified in the coronary arteries using MDCT combined with the intravenous injection of a bolus of small iodinated molecules. However, densities and volumes of plaques measured with MDCT are hampered by a low reproducibility of the measurements related to, among other factors, the strong influence and high variability of nearby luminal enhancement (17, 18) . In addition, MDCT cannot evaluate the presence or activity of inflammatory cells in atherosclerotic plaques.
In a recently published study (19) , we described the CT contrast agent N1177, composed of iodinated nanoparticles dispersed with surfactant. We showed that N1177 given intravenously to rabbits accumulates in macrophages within atherosclerotic plaques 2 h after injection, allowing for identification of these cells with CT. In this study, we tested whether the intensity of enhancement detected with CT in the aortic wall of atherosclerotic rabbits 2 h after injection of N1177 correlated with inflammatory activity evaluated with 18 F-FDG PET and macrophage density measured on immunohistology of corresponding sections.
MATERIALS AND METHODS

Animal Model
Aortic atherosclerotic plaques were induced in male New Zealand White rabbits (n 5 7; mean age, 4 mo; mean weight, 3.1 6 0.2 kg) (Covance) by a combination of 4 mo of a high-cholesterol diet (4.7% palm oil and 0.3% cholesterol-enriched diet; Research Diet Inc.) and repeated balloon injury of the aorta (2 and 6 wk after the start of the high-cholesterol diet). Aortic injury was performed from the aortic arch to the iliac bifurcation with a 4-French Fogarty embolectomy catheter (Edwards Lifesciences) introduced through the femoral artery. All procedures were performed under general anesthesia induced by an intramuscular injection of ketamine (20 mg/kg; Fort Dodge Animal Health) and xylazine (10 mg/kg; Bayer Corp.). Noninjured New Zealand White rabbits, fed a normal chow diet, were used as controls (n 5 3). All experiments were approved by the Mount Sinai School of Medicine Institute Animal Care and Use Committee.
CT Protocol
After anesthesia induced by an intramuscular injection of ketamine (20 mg/kg), xylazine (10 mg/kg), and acepromazine (0.5 mg/kg) and placement of a 22-gauge catheter in the marginal ear vein, rabbits were imaged before, during, and at 2 h (as optimized previously in a study by Hyafil et al. (19) ) after the intravenous injection of N1177 (generously provided by Nanoscan Imaging), at a dose equivalent to 250 mg of iodine per kilogram of body weight. Images were acquired using a 64-slice multidetector CT scanner (Sensation 64; Siemens Medical Solutions). Parameters for CT acquisitions were adapted from a clinical protocol used for coronary imaging (except for electrocardiogram gating and current intensity) as follows: tube voltage, 120 kV; current intensity, 180 mA; rotation time, 330 ms; detector collimation, 32 · 0.6 mm; and table feed, 15 mm/rotation. In-plane resolution of this CT protocol was estimated at 0.4 · 0.4 mm. Axial slices (0.4 mm thick) were reconstructed on the scanner with a 30f medium-smooth kernel. The field of view was 100 · 100 mm, and the data were acquired in a 512 · 512 data matrix, giving a pixel size of 0.2 · 0.2 mm.
PET
One week after CT, the same rabbits were imaged using a combined PET/CT scanner (Discovery LS; GE Healthcare). PET images were acquired for 10 min, 3 h after intravenous injection of 18 F-FDG (37 MBq [1 mCi/kg]) (to lower blood 18 F-FDG activity). Because preliminary studies and published data (11) demonstrated better aorta image quality with 3-dimensional versus 2-dimensional acquisition, images were acquired in 3-dimensional mode. The acquisition covered the area from the diaphragm to the aortic bifurcation. The field of view was 15 · 15 cm, with a 256 · 256 data matrix, giving an in-plane spatial resolution of 5 · 5 mm. Threedimensional reconstructions were performed with a 512 · 512 · 512 data matrix, giving a final voxel size of 2.5 · 2.5 · 2.5 mm. In addition to a PET scan, a non-contrast-enhanced CT scan was obtained in each rabbit using the 16-slice PET/CT machine. Axial slices (0.4 mm thick) were reconstructed on the scanner with a 30f medium-smooth kernel. The field of view was 100 · 100 mm, and the data were acquired in a 512 · 512 data matrix, giving a pixel size of 0.2 · 0.2 mm.
Image Analysis
For CT image analysis, densities of the aortic wall were evaluated every 5 mm on axial CT slices of the abdominal aorta of rabbits (n 5 10). A series of axial slices (n 5 18) was matched, using the vertebrae as landmarks. After delineation of the aortic lumen, 12 circular regions of interest (ROIs) of 12 pixels each, adjacent to the lumen, were placed on the CT scan acquired during the injection of contrast agent. Densities were measured in the jnm060749-pm n 5/8/09
same ROIs in the CT scans acquired before and at 2 h after the injection of each contrast agent, using a dedicated workstation (Leonardo; Siemens Medical Solutions). Results were expressed in Hounsfield units (HUs) as the average enhancement in each slice of abdominal aortic segment. For comparison with PET/CT, abdominal aortas were divided into proximal, mid, and distal regions of equal length (30 mm). All CT measurements were performed by an independent operator unaware of the results of PET and immunohistology.
For PET analysis, acquisition data were reconstructed using the Fourier rebinning-iterative algorithm and displayed in 3 orthogonal planes. Average standardized uptake values (SUVs) were recorded on contiguous 5-mm-thick axial slices of aorta (n 5 18) from circular ROIs encompassing the vessel wall. No corrections were made for blood signal because previous work (11) had demonstrated that blood activity was minimal at the imaging time point (3 h after 18 F-FDG injection). Results were expressed as the average SUV in each aortic region. All PET measurements were performed by an independent operator unaware of the results of both CT and immunohistology.
To study the correlations between the results obtained with N1177-enhanced CT and PET, the scans were matched using the vertebrae as landmarks. PET SUVs were measured in the corresponding 30-mm-long aortic segments analyzed by N1177-enhanced CT.
Immunohistology
After PET, rabbits were euthanized by an intravenous injection of sodium pentobarbital (120 mg/kg) (Sleepaway; Fort Dodge Animal Health). A bolus of heparin was injected before euthanasia to prevent clot formation. Aortas were excised, fixed for 24 h in 4% paraformaldehyde, and embedded in paraffin. Slices (5 mm thick) were sectioned and matched to CT axial slices as previously described (20) . Macrophages were detected on adjacent slices by immunohistochemistry using a monoclonal mouse antibody directed against RAM-11, a marker of rabbit macrophage cytoplasm (dilution, 1:50) (Dako), as previously described (20) . The luminal area and the area bounded by the internal elastic laminae were measured on each arterial cross-section using the Image-Pro Plus software (Media Cybernetics) and served to compute intimal area. The total macrophage-rich (RAM-11-positive) area was measured digitally using an automated, contrast-based, area analysis function of the Image-Pro Plus software. Macrophage density was calculated as the ratio between macrophage and intimal areas.
Statistical Analysis
Numeric values are expressed as mean 6 SE. Values of P less than 0.05 were considered significant. Statistical analysis was conducted with SPSS software (SPSS Inc.). The enhancement detected with N1177 CT and the SUV measured with 18 F-FDG PET in atherosclerotic and control rabbits were compared using a 2-tailed Student t test. Correlations were performed using Pearson testing.
RESULTS
Atherosclerotic Versus Control Rabbits
Two hours after injection of N1177, the density of the aortic wall ( ½Fig: 1 Fig. 1 ) measured with CT was higher in atherosclerotic rabbits than in control rabbits, compared with preinjection values (31.5 6 3.5 vs. 21.5 6 1.8 HUs and 20.4 6 1.5 vs. 18.4 6 0.5 HUs, respectively). In addition, N1177-enhanced CT measured stronger enhancement in the aortic wall of atherosclerotic rabbits than in control rabbits (10.0 6 5.2 vs. 2.0 6 2.1 HUs, respectively; P , 0.05). Similarly, at 3 h after the injection of 18 F-FDG, PET detected higher SUVs in the aortic wall of atherosclerotic rabbits than in control rabbits (0.61 6 0.12 vs. 0.21 6 0.02, respectively; P , 0.05).
Correlation Between N1177-Enhanced CT and 18 F-FDG PET
In the same rabbit, detection of strong enhancement in the aortic wall at 2 h after the injection of N1177 with CT was associated with areas of high activity 3 h after the injection of 18 F-FDG with PET ( ½Fig: 2 Fig. 2 ). We found a good correlation ( ½Fig: 3 Fig. 3 ) between the intensity of enhancement in the aortic wall detected with N1177-enhanced CT and SUV measured with PET at 3 h after the injection of 18 F-FDG (r 5 0.61, P , 0.001).
Correlation Between N1177-Enhanced CT and Macrophage Density
Atherosclerotic plaques showing a strong enhancement with CT 2 h after injection of N1177 contained an intense macrophage infiltration on corresponding sections by immunohistology ( ½Fig: 4 Fig. 4 ). In addition, we found a good correlation (r 5 0.63) between the intensity of enhancement measured in atherosclerotic plaques with N1177-enhanced CT and macrophage density evaluated on corresponding axial cross-sections by immunohistology ( ½Fig: 5 Fig. 5A ). Both intensities of enhancement with N1177 CT and SUV measured with 18 F-FDG PET demonstrated good correlations, with jnm060749-pm n 5/8/09 mean macrophage density detected in the arterial wall of corresponding 30-mm-long aortic regions (r 5 0.68 and r 5 0.57, respectively, with P , 0.001 for both; Figs. 5B and 5C).
DISCUSSION
In this study, we demonstrated that the intensity of enhancement detected with CT in the aortic wall of rabbits at 2 h after the injection of N1177 correlates with an elevated metabolic activity measured using 18 F-FDG PET and with an intense macrophage infiltration on corresponding sections with immunohistology.
Several noninvasive imaging techniques have been described for macrophage detection in atherosclerotic plaques. For example, ultrasmall superparamagnetic particles of iron oxide (USPIO) are taken up by macrophages, causing strong T2*-shortening effects (20, 21) that can be detected as signal voids using MRI. In carotid atherosclerotic plaques (22, 23) , focal signal voids can be detected on MRI after the injection of USPIO, localized to the FIGURE 2. N1177-enhanced CT and corresponding 18 F-FDG PET of aorta from atherosclerotic rabbit. Fused PET/ CT coronal view of aorta obtained at 3 h after injection of 18 F-FDG (A) and corresponding axial aortic sections acquired before (B and D) and at 2 h after injection of N1177 (C and E). In same rabbit, aortic regions with high (A; red cross) and low (A; blue cross) activities identified with PET at 3 h after injection of 18 F-FDG were associated with strong (E; red cross) and weak (C; blue cross) intensities of enhancement detected with CT at 2 h after injection of N1177 on corresponding axial views, respectively. macrophage-rich regions that accumulated iron particles on histology. However, precise quantification of USPIO accumulation in macrophages using MRI is limited by concomitant T1-shortening effects caused by nonspecific accumulation of USPIO in plaques (24) and T2*-effects related to plaque hemorrhage and calcifications (25) . Additional inaccuracies may arise when attempts are made to distinguish the negative contrast due to USPIO accumulation from that secondary to vessel calcification or inherent image artifacts, although positive contrast methods such as gradient echo acquisition for superparamagnetic particles/ susceptibility may help the image interpretation (26) . In recent work (27) , a radiotracer was bound to iron oxide nanoparticles to quantify the accumulation of these particles using PET. Indeed, Nahrendorf et al. (27) demonstrated a strong correlation between the activity measured with PET and macrophage content in corresponding sections of atherosclerotic plaques. However, high spatial and temporal imaging resolutions required for imaging the arterial wall of coronary arteries are currently achievable neither with PET nor with MRI but are available with clinical MDCT. In addition, the optimal imaging time after the injection of iron oxide nanoparticles may be up to 72 h (23) , which clearly limits the practical use of this technique as a screening tool.
In contrast, CT offers detection of macrophage-rich lesions as early as 2 h after the intravenous injection of N1177 with a spatial resolution that permits the evaluation of coronary atherosclerotic plaques. Quantification of N1177 accumulation in atherosclerotic plaques is facilitated by the linear relationship existing between iodine concentration in tissue and signal increase measured with CT. In addition, detection of macrophages with N1177 could be associated with other CT markers identified in ruptured plaques such as areas of low densities, positive remodeling, and absence of calcifications, enhancing the potential of CT to identify high-risk plaques (28, 29) . N1177 CT will, however, need to overcome some important issues before clinical application to imaging inflammation in coronary atherosclerotic plaques is considered. First, additional studies are currently being performed to confirm the tolerability of N1177 at the dose used in this study. Second, changes in plaque density detected with N1177 CT in the aorta of atherosclerotic rabbits were small and could be difficult to detect in human coronary arteries subject to cardiac and respiratory motion. In fact, the technique used in this study to measure plaque enhancement with N1177 CT (averaging 12 ROIs adjacent to the aortic lumen) offered a good reproducibility of the measurements but clearly underestimated focal enhancement, which could jnm060749-pm n 5/8/09 reach up to 40 HUs in some areas of atherosclerotic plaques. Third, whether high CT densities from accumulation of N1177 could be discriminated from those due to plaque calcifications in humans needs to be determined. The development of dual-energy x-ray beam technology (30, 31) , based on simultaneous CT acquisitions using 2 beams at different energy levels, may help to discriminate between radiographic absorption properties of iodine and calcium in atherosclerotic plaques. 18 F-FDG enters into cells through glucose transporter proteins, which are overexpressed in cells with high metabolic activities. A previous study (8) demonstrated by ex vivo autoradiography that 18 F-FDG accumulated predominantly in macrophages in atherosclerotic plaques. Because activation of macrophages stimulates metabolic activity (32), 18 F-FDG uptake measured in atherosclerotic plaques reflects both macrophage density and activity. In contrast, similar to iron oxide nanoparticles, N1177 accumulates in plaques through phagocytosis by macrophages (19) . Interestingly, a strong correlation was observed between USPIO and 18 F-FDG uptake in human carotid plaques imaged using MRI and PET, respectively (33) . Therefore, the good correlation found in this study between N1177 and 18 F-FDG accumulation in the aortic wall can be explained by similar macrophage densities but may also indicate that the intensity of phagocytosis and metabolic activity are closely associated in activated macrophages. Together, this study suggests that the intensity of enhancement measured with N1177 CT correlates both with macrophage density and with activity in atherosclerotic plaques. However, some discrepancies were also found in this study between signal measured on the aortic wall with N1177 CT and 18 F-FDG PET and may be at least partly explained by accumulation of 18 F-FDG in cells other than macrophages present in atherosclerotic plaques such as endothelial cells (34) and lymphocytes (35) .
This study has a few limitations. First, we compared the signal obtained in 0.4-mm-thick axial CT slices with macrophage density measured on 4-mm-thick sections by immunohistology. Therefore, to provide a second means of validation, the results of N1177-enhanced CT were compared with the activity measured in vivo in the same rabbits using 18 F-FDG PET, as a surrogate for macrophage infiltration. In addition, the use of a combined PET/CT system allowed for an optimal matching between both imaging modalities. A second limitation is that CT, compared with other techniques such as MRI, requires radiation. Exposure to radiations could be a concern for patient imaging, particularly in the case of repeated studies, or if CT is used for the screening for vulnerable plaque. However, future technologic developments in CT scanners could help to overcome these current limitations. The use of highly efficient flat-panel detectors (36) , tube current modulation, and prospective cardiac gating may allow a decrease in radiation exposure. Finally, the results obtained in an experimental model of atherosclerosis need to be validated in human complex atherosclerotic plaques.
CONCLUSION
We demonstrated in this study that the intensity of enhancement detected in the aortic wall of rabbits using N1177-enhanced CT strongly correlated with a high metabolic activity evaluated using 18 F-FDG PET, with an intense macrophage infiltration on corresponding sections with immunohistology. N1177-enhanced CT represents a promising imaging modality for the noninvasive detection of macrophages in coronary atherosclerotic plaques. The identification of macrophages could be an important adjunct to morphologic markers for the detection of high-risk atherosclerotic plaques using CT.
